At present, continuous extrusion technology is applied in the industrial production of traditional non-ferrous metal profiles, composite profiles, and thin-walled hollow profiles, such as pipes, belts, wires and rows. This technology yields energy savings, high material utilization rates, automatic production, large manufacturing-product lengths, labor savings, and requires small floor space. The present paper introduces the characteristics of continuous extrusion technology and some industrial application examples, and focuses on the development prospects of multi-blank multi-round continuous extrusion technology.
Introduction
Continuous extrusion technology is a relatively new extrusion technology. Continuous extrusion compounding and continuous casting technology based on continuous extrusion technology yield non-ferrous metal pipes, rods, profiles, wires, and composite materials. The working principle of the continuous extrusion technology is shown in Figure   1 . During the extrusion process, a circular groove is formed on the circumference of the squeeze wheel, and the circumference of about one quarter of the wheel coincides with the working arc of the extrusion cavity. The body contains a block that fits in the wheel groove and protrudes into the groove. The cavity is provided with a mold. When the pressing wheel starts to rotate, the extruded blank is fed into the pressing wheel groove, and the metal is compacted when passing through the wheel. The blank is pushed forward by the friction generated by the pressing wheel groove and the metal blank. This pushing continues until stopped by the block that changes the direction of motion into the extrusion cavity and the mold. Similarly, due to the frictional force, the temperature of the metal blank increases gradually increases, and upsetting as well as deformation of the metal begin in the cavity and the mold. Deformation heat is generated, thereby maximizing the metal temperature, and the metal blank is formed after expansion of the cavity and the mold. The squeeze wheel is continuously rotated and, hence, obtaining an infinite product length is theoretically possible for continuously fed blanks.
Continuous extrusion, a plastic processing method proposed by the British Atomic Energy Authority (UKAEA) Springfield
Laboratory in 1972, is considered a revolution in non-ferrous metal processing technology [1] . The technology effectively utilizes the pressing force and temperature generated by the strong friction between the blank and the rotary pressing wheel. Through this principle, the blank metal is directly extruded into a product in a truly continuous large-sheardeformation manner, which is associated with low energy consumption. This process is characterized by high yield and uniform structure, and has been widely used in the production of non-ferrous metal pipe rods and cladding materials such as Cu, Al, Pb, and Zn.
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Figure 1. Schematic of continuous extrusion equipment
In China, studies on the continuous extrusion process began in the early 1980s, and the process was also introduced in this period. The development and application of continuous extrusion forming technology, for further realization of continuous, high-speed, low-energy, and high-precision industrial production, has attracted increasing attention. In this regard, China has successively introduced several continuous extrusion production lines from Holton and Babcock in the UK, and has successfully applied these lines in industry. Similarly, the Conform Continuous Extrusion Joint Research Team of Central South University of Technology under the auspices of Academician Zuo Tiezhen, conducted a related research project, i.e., the National Science and Technology Commission's "Seventh Five-Year" project. A new process of soft aluminum processing, with a focus on the continuous extrusion process, was proposed. Various theoretical studies performed with the equipment have greatly promoted the application of continuous extrusion technology in China [1] .
Compared with the traditional extrusion method, the continuous extrusion process is less time-consuming, less laborintensive, associated with a higher material utilization rate, automatic production, greater manufacturing product lengths, and a smaller floor space. This process is widely used in the non-ferrous metal industry for the development of: aluminum round tubes, porous flat tubes, aluminum transformer belts, aluminum alloys and aluminum alloys for automobiles, copper flat wire, copper row, large-sized copper strip, copper-magnesium alloys, brass alloys, and other copper and copper alloys, aluminum package bi-metal composite wire, such as steel and zinc-clad steel, as well as super-large-diameter high-voltage cable sheath and lead alloy sheath [2] .
Industrial application examples of continuous extrusion technology 2.1. Electrician copper platoon
The researchers of Dalian Jiaotong University has developed a new technology and completed sets of equipment for the manufacture of electrical copper bars via continuous extrusion. A maximum product width, sectional area, and productivity of 170 mm, 2000 mm 2 , and l400 kg/h, respectively, were realized [3] . The author and co-workers independently designed a two-wheeled single-slot continuous extrusion prototype ( Figure 2 ), which formed the basis of the TJ350 continuous extruder. A Φ16mm upper lead copper rod was used as the blank for producing an 80-mm-wide copper row. A TJ400 continuous extruder, with Φ20 upper oxygen-free copper rod as the blank, can produce rows with a maximum size of 170 mm × 10 mm, at an expansion ratio (ratio of product width to blank diameter) of 8.5. Subsequently, The researchers of Kunming University of Science and Technology and Foshan Huahong Copper Tube Co., Ltd. jointly developed key technology for large-width-to-thickness copper bars. The combination of physical simulation, engineering method calculation, and numerical simulation was used to systematically study the continuous extrusion associated with large width-to-thickness ratios. The mold design theory of copper row solves the problems of cracking, chromatic aberration, and uneven lateral thickness of the product. Furthermore, the TJ550 continuous extruder can produce a large width-tothickness ratio 204.5 mm×7.5 mm copper row (expansion ratio: 9.30, aspect ratio: 27.27). The surface of the copper row exhibits small color variations and the plate shape is good, as shown in Fig. 3 . Currently, the device can produce 240-mmwide copper bars. can produce 320-mm-wide copper platoons [4] , see Fig.4 . In 2017, Shanghai Asia Jue Electric Complete Equipment Manufacturing Co., Ltd. successfully developed the MFCCE700 continuous extrusion unit. Through the use of this unit, the continuous extrusion of wide copper strips (widths of up to 425 mm) is expected [5] . 
Aluminum row
Dalian Jiaotong University has designed and developed a large-scale aluminum extrusion and aluminum strip continuous extrusion production line for the continuous extrusion production of large-size aluminum products. The problems of large expansion ratio forming, product quality control, production efficiency improvement, and production auxiliary equipment matching have been successfully solved via the continuous extrusion forming of aluminum strip windings [6] . In addition, Dalian Jiaotong University has made preliminary attempts to continuously extrude and form aluminum-alloy integral siding [7] . The HyperXtrude simulation software was used to simulate the continuous extrusion of the 6063 aluminum alloy panel with a width-to-thickness ratio and a rib wall height of 45 and 34 mm, respectively. In addition, the velocity distribution field of the metal during extrusion was obtained. The results revealed that the flow velocity of metal in the ·26· Research and Application of Materials Science (2019) Vol. 1 No.1 expansion die is non-uniform, and the highest velocity occurs in the middle region corresponding to the cavity inlet.
Moreover, the velocity decreases gradually from the middle to both sides; changing the structure of the flow guiding die can be effective in controlling the velocity. The ground flow rate of the metal is balanced. The height of the choke block in the flow guiding mold was changed from 8 mm to 2 mm [8] . Consequently, the maximum speed difference of the siding product cross-section was reduced from 34.2 m/s to 16.4 m/s. The continuous extrusion process experiment on aluminum alloy wall panels verified the feasibility of producing aluminum alloy siding (see Figure 5 ) using continuous extrusion expansion forming technology. Aluminum Profile Factory used single-wheel multi-blank two-wheel continuous extrusion technology to develop a 203×3 aluminum alloy. A wide-walled thin-walled microchannel tube was produced on LJ500 equipment, as shown in Fig.6 .
The authors and co-workers used continuous extrusion expansion welding technology to produce flat layered composite profiles, i.e., battery cathode platen materials ( Fig.7 (a)-(b)). Thin-walled hollow profiles, i.e., very large motor watercooled conductors ( Fig.7(c) ), industrial products, and samples were also produced. The liquid metal in the dynamic crystallization process enters the rotating wheel groove cavity and forms a thin crystal shell along the cavity wall. This shell generates liquid metal friction, owing to the rotation of the wheel, and the shell and its liquid metal undergo dynamic crystallization and is subjected to friction. The shell is gradually thickened and becomes a semi-solid extruded state near the exit associated with the working section of the solidified boot.
The semi-solid extruded metal generates internal friction in the turbulent state (where the liquid-solid phase coexists) and, hence, crystals are continuously formed and then continuously destroyed and reformed. Therefore, the grain structure is finer than that of the as-cast state. Complete crystallization is achieved when the metallic material enters the vicinity of the extrusion-shoe inlet, and subsequent plastic deformation occurs within the compression shoe.
The force experienced by the solidified metal changes from internal friction to external friction as the extrusion wheel rotates, thereby causing plastic deformation and dynamic recrystallization of the metal. When the metal entering the extrusion chamber is subjected to the pressing force, the gold is forced through an extrusion die hole and the desired product is obtained [9] . The continuous casting technology produces diverse products, e.g., aluminum and magnesium alloy small pipes, alloy wires, alloy profiles, electrical aluminum busbars, large-diameter pipes, and Al-Ti-C grain refiners. Continuous casting of liquid-solid coated composite materials produces (for example) aluminum-coated steel wire, zinc clad steel-coated optical fiber, and copper clad steel. Compared with the products resulting from conventional extrusion, the extruded products resulting from continuous casting are significantly longer, with lengths ranging from several kilometers to tens of thousands of meters. Similarly, the continuous casting products are deformed during dynamic solidification crystallization, and the grain refining effect is quite significant. The segregation is therefore well-controlled, product performance is excellent, precision is high, surface is smooth and flat, and market prospect is broad [10] . Figure 9 . Schematic showing continuous extrusion of a powder [11] Continuous extrusion of powder, also referred to as continuous extrusion of granules, is the direct use of a powder or granules as a raw material for continuous extrusion. As shown in Figure 9 , during this process, the powder moves forward as the squeeze wheel rotates, leading to a buildup after being blocked in front of the plug. The compressive stress level between the powders increases with decreasing distance between the powder and the plug. When the stress level is sufficiently high, the particles are initially welded to form a bulk blank. Subsequently, the blank is extruded from the extrusion die, under the action of the friction associated with the squeeze wheel groove. The blank is then further densified, owing to severe plastic deformation, and an article is formed [12] . This technology eliminates the filling and preheating steps, associated with the traditional powder metallurgy technology, and allows complete consolidation of the powder in a onestep operation, where the length of the product is unlimited [11] .
Continuous extrusion of powder
Continuous extrusion with pellets is mainly used for the recovery of scrap metal. The particle size is typically on the order of millimeters. For example, scraps, trimmings, and chips generated during aluminum processing are prepared via crushing, washing, and drying of granules. The use of this technology allows waste recovery without high-energyconsumption processes, e.g., re-melting and secondary re-melting that are typical of the traditional scrap metal recycling process, thereby offering considerable economic and social benefits [13] .
Early studies of continuous extrusion with powder as the raw material have focused mainly on low-strength metals, such as pure aluminum and oxygen-free copper [11] . Continuous extrusion tests on atomized aluminum powder were performed at Dalian Jiaotong University [14] , where the effect of powder size, extrusion ratio, and extrusion temperature on the tensile properties of the product was investigated. The results showed that the strength of the aluminum increases with decreasing powder size. Moreover, the plasticity of the extruded bar improves with increasing extrusion ratio or increasing extrusion temperature.
In 2009, Poblano-Salas [15] investigated the continuous extrusion of water-atomized Cu-Cr-Zr alloy powder. The results MPa, and 57.9-71.1% IACS, respectively, were realized for the extruded copper.
In 2013, Wilson et al. [12] attempted continuous extrusion of titanium powder by first preheating the powder to ~1100 ° C in an argon-protected hopper. They then used a continuous extruder to consolidate the powder into a bar. The test results revealed that the mechanical properties of the bar are similar to those of conventional hot-rolled materials.
Subsequently, Thomas et al. [12] reported that, using standard Conform machines, titanium powder can be extruded into a fully dense wire without preheating. The maximum yield strength and tensile strength values of the wire (557 MPa and 627
MPa, respectively) were equivalent to those of the forged industrial pure titanium product.
Recently, our group performed continuous extrusion experiments on a low-plasticity high-silicon aluminum alloy powder.
The results revealed that, at room temperature, an Al-28.56Si alloy powder can be directly extruded into a 10-mm-diameter rod, which contains small-sized evenly distributed primary silicon. Moreover, the tensile strength of the rod (maximum:
260±18 MPa) was significantly higher than that (195 MPa) of a similar alloy (Al-27Si) prepared by means of spray deposition-semi-solid extrusion [16] . In contrast to the spray deposition-semi-solid extrusion method, the powder continuous extrusion method eliminates steps such as machining and pre-heating of the deposited billet, and is a short, low-energyconsumption, high-yield process. The performance of the resulting products is therefore superior to that of the products obtained via semi-solid extrusion.
In summary, during the continuous extrusion of powder process, powder or granular-material consolidation can be accomplished in a one-step operation. This process is shorter and less energy-consuming than the traditional powder metallurgy process. At present, the material range of the continuous extrusion technology has been gradually extended from low-strength aluminum, copper and its alloys to high-strength metallic materials such as high-strength titanium and low-plasticity high-silicon aluminum alloy. The application prospect of this technology is quite broad.
Spray deposition continuous extrusion
Spray deposition (SC), recently proposed by Kunming University of Science and Technology, is a new near-net forming technology that is used to prepare highly alloyed materials [17] . The principle of this technology is as follows: the molten alloy is atomized into droplets under the action of an inert gas. These droplets are then deposited in the squeeze wheel groove of the continuous extruder, and the semi-solid deposited billet rotates with the wheel that will be blocked at the plug. The billet then enters the mold cavity, under the action of the mold, and an article is subsequently formed, see The bottleneck of SC technology lies in the fact that the atomized droplets are deposited in the squeeze wheel groove, i.e., a narrow strip of the deposited blank is obtained. In this work, the influence of nozzle type and flow-controller type on the shape of jet-deposited blanks was investigated. The results revealed that thin strips of deposited blanks can be obtained through the use of a double-rotating disk flow controller combined with a ring-shaped nozzle employing a small spray cone angle. Therefore, the SC test equipment was set up on a LJ350 continuous extruder. Wang et al. [17] prepared the first-ever 2A12 aluminum alloy rod using SC technology, and observed the microstructure comprising the rod. The results revealed that the alloy rod consisted of alternating "hat-like" coarse (size: 10-30 μm) and fine crystal layers. Further research has found that when the deposited billet is relatively thin, the sheet-like deposited billet in the "squeeze cylinder" will be "S"shaped. Consider the action of the die surface and the dead zone at the bottom of the cylinder. In this region, the flow velocity of the intermediate metal is significantly higher than that of the other two sides. The difference in the velocity is further aggravated by the frictional force of the feed hole and the inner surface of the die. Therefore, the intermediate layered blank is convex toward the extrusion direction, leading to the "hat-like" microstructure of the SC article. This type of microstructure can be eliminated by employing thick deposits. Chen et al. [18] reported that a 7075 aluminum alloy prepared via the SC method is composed of fine crystal grains, a small amount of precipitated phase, and a partially recrystallized structure. After retrogression and re-ageing (RRA), the aluminum alloy, a diffuse distribution of nanoscale AlCu and MgZn2 precipitates was formed in the matrix. Liu et al. [19] reported that a high-density Al-20Si alloy, with a tensile strength and elongation of 210 MPa and 9.2%, respectively, and excellent wear resistance, can be continuously prepared via the SC method. Further research found that the tensile strength of this alloy increased to >300 MPa, and the high-temperature strength and high-temperature wear performance improved significantly when 4-5 wt.% Fe was added to the alloy.
Through the new technology proposed here, i.e., spray deposition continuous extrusion, a high-performance alloy is prepared from an alloy melt through a one-step metallurgical operation. This method is especially suitable for continuous preparation of highly alloyed pipe rod-type wire. At present, the technology is still in the laboratory stage, and rapid industrialization requires cooperation with related enterprises, to solve the engineering problems that may be encountered in production.
Multi-blank two-wheel continuous extrusion
Wide-width thin-walled profiles as, structural and functional materials, have a considerable impact on the national economy. These profiles, which are mainly used in aerospace shells, rail trains ( Fig.11 ), automobile bodies, and wideformat cooling (e.g., LCD TVs: widths >1000 mm), are produced primarily via the horizontal extrusion method. During the extrusion process, a solid billet heated to a specified temperature is placed in the extrusion cylinder. Under the action of the pressing force, the metal is passed through the mold bridge between the split holes. Several strands are then collected in the welding chamber through the split hole, and re-welded around the core under high temperature, high load, complex friction, and air isolation. These strands subsequently flow out through the gap formed by the core and the die hole, thereby yielding the desired product size. However, the horizontal extrusion method requires a heavy-duty extruder, large tooling (e.g., squeezing cylinder, extrusion die), and considerable investment in equipment. For example, 160 million yuan are required for purchasing a 225 MN super-large extruder host, and a total equipment investment of 350 million yuan may be needed. This high investment in equipment has led to the closure of many small and medium-sized aluminum-processing enterprises. Nevertheless, the production cost has increased significantly, resulting in expensive large siding profiles, thereby hindering the large-scale application of these profiles.
Recently, the authors and co-workers have proposed a new technology, i.e., multi-blank two-wheel continuous extrusion (see Figure12) , for preparing wide-width thin-walled profiles. The main technical feature is that no splitting is required, and the two wheels are separately fed, and only welding is required. The technology has the advantages of small investment, low consumption of tool and mold, high efficiency (especially for non-split extrusion). This technology is especially suitable for wide-width thin-walled hollow profiles and solid profiles, and is also suitable for flat layered composite materials and wide-width transformers. A strip represents an important development direction for future continuous extrusion technology.
Research on the welding mechanism and control principle of the method reveals the interface structure characteristics as well as the friction and heat exchange behavior of the blank and the tooling. Based on this knowledge, application of the method to industrial production, improvement of the profiles from ordinary to high-performance, as well as transformation and upgrading of industrial profiles are expected. 
Conclusion
The continuous extrusion process is characterized by energy savings, high material utilization rates, automatic production, large manufacturing-product lengths, small floor space, and labor savings. Therefore, this process has been applied to traditional non-ferrous metal profiles such as pipes, belts, wires, and rows. Industrial production of profiles and thinwalled hollow profiles has also used this technology. However, limitations persist regarding the types of profile products produced by continuous extrusion technology. Multi-blank continuous extrusion technology requires no diversion, multiple rounds of feeding are separately performed, and only welding and protection of the male-mold characteristics are required.
Therefore, the multi-blank two-wheel continuous extrusion technology is used to develop high-performance wide-width thin-walled profile-preparation technology, which will play a key role in future materials processing. The development of continuous extrusion technology is therefore extremely important.
